Introduction
============

The objectives of our study were (1) to determine *in vitro* the effects of two types of asbestiform fibers: tremolite and fluoro-edenite, (2) investigate the potential stress dependence of the Hsp70 response, and (3) to evaluate the possible use of the Hsp70 over-expression as a biomarker of fibrous minerals exposure. One of the most effective protein folding systems is Hsp70, which causes folding of a wide variety of protein substrates \[[@b1-ijerph-04-00195]\]. Two isoforms of Hsp70 exist in the cytoplasm of mammal cells: a 73-kDa form that is constitutively expressed and a 72-kDa, stress-inducible form (Hsp70). Recent studies also identified an extracellular form of Hsp70, which may play a key role in the induction of the cellular immune response \[[@b2-ijerph-04-00195], [@b3-ijerph-04-00195]\].

Expression of the inducible Hsp70 is activated by a large variety of stress conditions, toxins and factors, so that Hsp70 induction has been considered as a non-specific response \[[@b4-ijerph-04-00195]\] that offers protection from such conditions \[[@b5-ijerph-04-00195]\]. Moreover, based on comparison of several *in vitro* studies, Wong and Wispe have suggested that at least in pulmonary cells, the pattern of stress protein expression might depend more closely on the type of stimulus \[[@b6-ijerph-04-00195]\]. Pulmonary tissue is unique with regard to the stress response because it represents the main target for environmental toxins and expresses a higher basal level of inducible Hsp70 than other tissues \[[@b4-ijerph-04-00195]\]. Because inhalation of asbestos particles induces many pulmonary diseases, the study of Hsp70s may contribute greatly to this field of research; Hsp expression can be interpreted as an early, sensitive bio-indicator of stressed cells and may help to increase resistance toward adverse situations.

Fluoro-edenite is a newly discovered fibrous mineral, the presence of which has been correlated with the incidence of mesothelioma that develops among residents in Biancavilla (Catania), a town in eastern Sicily located in the Etna volcanic area \[[@b7-ijerph-04-00195],[@b8-ijerph-04-00195]\]. In this study, we used two types of amphibolic fluoro-edenite, **19** and **27**, that have low and high iron content, respectively. Met-5A, human non-malignant transformed mesothelial cells, which contributed to studies on pleural pathology \[[@b9-ijerph-04-00195]\], and J774 cells, a mouse monocyte-macrophage cell line \[[@b10-ijerph-04-00195]\], were used to test the effects of these fibers on cytotoxicity and viability. The effects of fluoro-edenite were compared with those of tremolite, a non-iron fibrous mineral and a member of the calcic amphibole group of asbestos, originating from construction activities in the Upper Susa Valley (Piedmont, Italy) from the surface rocks undergoing natural ground erosion. A recent report suggested tremolite may induce pulmonary pathology \[[@b11-ijerph-04-00195]\].

Materials and Methods
=====================

### Preparation of Cell Cultures

Met-5A mesothelial cells (kindly provided by Prof. G. Biagini, Istituto di Morfologia Umana Normale-Istologia, Università Politecnica delle Marche) were grown in RPMI medium (Sigma, Milan, Italy) supplemented with 10% foetal bovine serum (FBS), 1% non-essential amino acids, 2.0 mM L-glutamine, and antibiotics, and incubated at 37°C with 5% CO~2~ / 95% air. The cells were routinely split each week and used between the 4^th^ and 5^th^ passages. Prior to experiments, cells from confluent cultures were detached using 0.25% trypsin plus 1 mM EDTA and seeded in complete RPMI medium. J774 cells were obtained from American Type Culture Collection (Rockville, MD). These cells were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% FBS, 4.5 g/L glucose, 1 mM sodium pyruvate, 2.0 mM L-glutamine, and antibiotics (Invitrogen, Paisley, UK) and incubated at 37°C with 5% CO~2~ / 95% air. The medium was changed every three days and cell subcultures were prepared every 7--9 days. Prior to experiments, cells were trypsinized, counted by haemocytometer, plated onto 6- or 96-well plates (Costar, Cambridge, MA), and grown in a humidified 5% CO~2~ / 95% air incubator at 37°C. Tremolite and fluoro-edenite particles were suspended in culture medium and added to the cell cultures by a micro-syringe in amounts corresponding to final concentrations of 5, 50, and 100 μg/ml (1.06, 10.6, and 21.2 μg/cm^2^). Cells were then incubated for 72 hrs.

### Preparation and Composition of Asbestos Fibers

The samples of amphibolic fluoro-edenite fibers were collected in the area of Biancavilla (Sicily), and were subsequently analysed by microanalytical spectroscopic methods (SEM-EDS, TEM-EDS, XRD, FT-IR, Mössbauer, and Raman). Comparison of these samples with the standards of prismatic fluoro-edenite, which originated from the same volcanic materials of that area and were previously described \[[@b8-ijerph-04-00195]\], revealed identical composition and crystal structure. Typology of some fibers also showed winchitic and richteritic compositions due to the minor differences in chemical composition. We developed a method for enrichment and purification of amphibolic fibers, which removed other components of the rock matrix. A gravimetric sedimentation method was used to concentrate the fine material, exploiting differences in their mineral densities and relevant morphologies. This method allowed us to obtain a fibrous material with 95% of the amphibolic fibre content. Two fractions of different types of fibrous fluoro-edenite were obtained for use in this study and were labelled as fluoroendenite **19** and fluoro-endenite **27**.

The chemical formula of fibre **19** was: $$$$whereas the chemical formula of fluoro-edenite **27** was: $$$$

These two forms differed in their iron content and the Fe^2+^/Fe^3+^ ratio. Form **27** of fluoro-edenite had about 70 % of Fe^3+^, whereas form **19** had 50 % Fe^3+^ and a lower total content of iron than form **27**. Both forms contained similar amounts of manganese. The chemical formula of fibrous tremolite obtained from Val di Susa (Piemonte, Italy) was Ca~2~(Mg,Fe^2+^)~5~\[Si~8~O~22~\](OH)~2~, as determined with microanalytical techniques by Rinaudo et al. \[[@b11-ijerph-04-00195]\]. All fibers had an average length and diameter of 30 μm and 5 μm, respectively.

### Identification of Hsp70

The expression of Hsp70 was evaluated by Western blot analysis. Briefly, the untreated and treated cells were washed twice with ice-cold PBS and collected with lysing buffer (50 mM Tris-HCl plus 20 mM EDTA and 0.5% SDS, pH 7.5). After cooling for 30 min at 0°C, cells were homogenized and centrifuged at 13,000 × g for 15 min. Twenty micrograms of total protein, present in the supernatant, were loaded on each lane and separated by 10 % Novex Bis-Tris gel electrophoresis (NuPAGE, Invitrogen) according to published methods \[[@b12-ijerph-04-00195]\]. Proteins were then transferred to nitrocellulose membranes (Invitrogen) in a wet system. The transfer of proteins was verified by staining the nitrocellulose membranes with Ponceau S and the Novex Bis-Tris gel with Brillant blue R. Membranes were blocked in Tris-buffered saline containing 0.01% Tween-20 (TBST) and 10 % non-fat dry milk at 4°C overnight. Primary mouse anti-Hsp70 (Santa Cruz Biotechnology, Santa Cruz, CA) monoclonal antibody and rabbit polyclonal α-tubulin antibody (Sigma, Milan, Italy) were diluted (1:1000) in TBST and membranes incubated for 2 h at room temperature. Antibodies were detected with horseradish peroxidase-conjugated secondary antibody using the enhanced chemiluminescence detection Supersignal West Pico Chemiluminescent Substrate (Pierce Chemical Co., Rockford, IL). Bands were measured densitometrically and their relative density calculated based on the density of the α-tubulin bands in each sample. Values were expressed as arbitrary densitometric units corresponding to signal intensity.

### Analysis of Reactive Oxygen Species

Reactive free radical species formation was estimated by using DCFH-DA as a fluorescent probe (Molecular Probes, Eugene, OR). DCFH-DA diffuses through the cell membrane and is enzymatically hydrolyzed by intracellular esterases to fluorescent DCFH in the presence of reactive oxygen species (ROS) \[[@b13-ijerph-04-00195]\]. The intensity of fluorescence was proportional to the levels of intracellular ROS. Thirty minutes before the end of the treatment time, 5 μM DCFH-DA was added to cell cultures (control or treated with various amounts of tremolite or fluoro-edenite). The cells were maintained in a humidified atmosphere (5% of CO~2~ and 95% air) at 37°C. Dye-loaded cells were washed with PBS and the fluorescence was monitored in scraped and resuspended cells using a luminescence spectrometer (Perkin-Elmer, Monza, Italy). The excitation and emission wavelengths were 475 nm and 525 nm, respectively.

### Analysis of Nitrite and LDH

Nitrite concentration in the supernatant was quantified by colorimetric assay based on the Griess reaction \[[@b14-ijerph-04-00195]\] as described by Ding et al. \[[@b15-ijerph-04-00195]\]. Briefly, 0.1 ml of the supernatant from untreated or treated cultures was mixed with an equal volume of Griess reagent at room temperature for 10 min. The absorbance was measured at 550 nm in a microplate spectrophotometer reader (Titertek Multiskan, DAS, Italy). Sodium nitrite solutions were used to standardize the assay.

The enzymatic activity of LDH was measured spectrophotometrically in culture media and in the cellular lysates at 340 nm to detect NADH reduction during the pyruvate-lactate transformation \[[@b16-ijerph-04-00195]\]. The untreated control and tremolite or fluoro-edenite treated cells were harvested, washed in PBS, mixed with lysis buffer (50 mM Tris HCl, 20 mM EDTA, 0.5% SDS, pH 7.4), sonicated, and centrifuged at 10,000 × g for 15 min. The supernatant was collected and analysed for protein content according to the Bradford procedure \[[@b17-ijerph-04-00195]\] and for enzymatic activity. The incubation mixture (1 ml final volume) for enzymatic analysis contained: 33 μl of sample in 48 mM PBS (pH 7.5) with 1 mM pyruvate and 0.2 mM reduced pyridinic coenzyme. Release of LDH was calculated as a percentage of the total amount, considered as the sum of the enzymatic activity present in the cellular lysate and that of the culture medium.

Determination of Cell Viability
-------------------------------

The MTT proliferation assay is based on the conversion, by mitochondrial dehydrogenases of the substrate containing a tetrazolium ring, into blue formazan, which is detectable by spectrophotometry \[[@b18-ijerph-04-00195]\]. The level of blue formazan was used as an index of cell density. Briefly, cell cultures were set up in flat-bottomed 200 μl microplates, incubated at 37 °C in a humidified 5% CO~2~/95% air mixture, and treated with 5, 50, and 100 μg/ml of fibers for 72 hr. Four hours before the end of the culture, 20 µl of 0.5% MTT in PBS was added to each microwell. After incubation with the reagent, the supernatant was removed and replaced with 100 μl of dimethylsulfoxide (DMSO). The optical density of each sample was measured with a microplate spectrophotometer reader (Titertek Multiskan, DAS, Italy) at 550 nm. For each sample three replicates were performed.

Results
=======

[Figures 1a](#f1-ijerph-04-00195){ref-type="fig"} and [1b](#f1-ijerph-04-00195){ref-type="fig"} show dose-dependent changes of the Hsp70 levels following treatment with the asbestiform particles of J774 and Met-5A cells, respectively. Both **19** and **27** forms of fluoro-endenite were remarkably potent stimuli of Hsp70, and both with similar potency. Fluoroedenite, at concentrations as low as 5 μg/ml, caused induction of Hsp70 protein in both cell lines following exposure for 72 hrs. Interestingly, J774 cells were more sensitive to these particles in terms of Hsp70 induction than Met-5A cells. In addition, the increase of Hsp70 was more sustained in fluoro-edenite-treated J774 cells. On the other hand, tremolite was less effective than fluoroedenite in eliciting of the concentration-dependent increase of Hsp70 in both cell lines. Treatment of cells with tremolite at 100 μg/ml had a similar effect as treatment with fluoro-edenite at 5 μg/ml.

The levels of nitrite ([Figures 2a](#f2-ijerph-04-00195){ref-type="fig"} and [2b](#f2-ijerph-04-00195){ref-type="fig"}) also significantly increased in a concentration-dependent manner in both Met-5A and J774 cells. Treatment of J774 cells with fluoro-edenite, and, in particular, its low iron form **19** had a remarkably strong effect on NO formation as compared to Met-5A cells. A similar trend was observed with ROS formation, which was examined using a fluorescent probe ([Figures 3a](#f3-ijerph-04-00195){ref-type="fig"} and [3b](#f3-ijerph-04-00195){ref-type="fig"}). Fluoro-edenite form **27** (high iron content) at 5 μg/ml had a strong stimulatory effect on ROS generation in J774 cells, in contrast to Met-5A cells, which were stimulated by all three forms of the particles. Treatment of cells with fluoro-edenite also stimulated LDH release, which is a marker of necrotic cell death, and an index of cell membrane breakdown ([Figures 4a](#f4-ijerph-04-00195){ref-type="fig"} and [4b](#f4-ijerph-04-00195){ref-type="fig"}). The MTT assay indicated that the viability of Met-5A and J774 cells decreased after treatment with fluoro-edenites and tremolite ([Figures 5a](#f5-ijerph-04-00195){ref-type="fig"} and [5b](#f5-ijerph-04-00195){ref-type="fig"}). A significant decrease of cell viability can be seen following exposure to fluoroedenite at 5 μg/ml. At this concentration, tremolite was inactive. At higher concentrations, fluoro-edenite **19** was more potent than the other particles. In summary, our data indicate that these fibers had profound effects on cells and induced several pathways of the inflammatory response.

Discussion
==========

Fibrous minerals are comprised of approximately 500 distinct species with new species being discovered almost every year. Pollution of air by mineral fibers, which are not considered to be asbestos, such as serpentine and amphiboles, results from both natural and human activities, and has become more frequent in Italy, in the Alps, and near the Sicilian volcano, Etna. Various physicochemical properties of these fibers, such as size, chemical structure, surface charge, the ability to generate reactive oxygen species, and bio-persistence contribute to their potential to induce diseases such as lung cancer, asbestosis, and mesothelioma \[[@b19-ijerph-04-00195]--[@b22-ijerph-04-00195]\].

This study aimed to profile biological responses of J774 and Met-5A cells following exposure to three forms of non-asbestos fibers, and to determine whether these responses were modulated by iron content within some of these fibers. We anticipate that understanding of how cells respond to the microscopic fibers might be helpful to design preventive approaches to protect large populations from consequences of exposure to the airborne mineral particles. This may have important implications for therapeutic strategies to counter fiber-induced lung disease. Our results suggest that both forms of fluoroedenite showed a unique profile of signaling pathway activation. Our experiments demonstrate that both forms of fluoro-edenite were more potent than tremolite at inducing Hsp70, generating reactive oxygen species and nitrite, and decreasing cell viability. The J774 cells were more sensitive to fluoro-edenite in terms of nitrite biosynthesis than Met-5A cells. This suggests that the primary site of the fiber-induced inflammatory response could be on the macrophage rather than the pulmonary epithelium.

We observed that the cells generated both ROS and RNS as an early response to the fluoro-edenite fibers. High-iron fibers **27** were more potent than low-iron fibers **19** in stimulating ROS formation in both mesothelial and macrophage cells. We infer that fibers catalyzed many reactions that resulted in generation of ROS such as the superoxide anion (O~2~^•−^), the hydroxyl radical (HO^•^), and the peroxyl radical (HOO^•^) that were detected by the fluorescence assay. Redox active iron on the surface or mobilized from phagocytized fibers has the potential to catalyze the formation of ROS via Fenton chemistry. These ROS are likely to stimulate peroxidation of many critical macromolecules, including proteins, nucleic acids, and cell membrane lipids, which may result in cellular dysfunction, cytotoxicity, and possibly malignant transformations \[[@b23-ijerph-04-00195]--[@b26-ijerph-04-00195]\].

While the ability of NO^•^ to modulate iron metabolism, via activation of iron regulatory proteins is well known \[[@b27-ijerph-04-00195]\], data concerning the effect of iron on the regulation of NOS are conflicting, both in vitro and in vivo. Previous study reported that in the J774 murine macrophage cell line, interferon-γ/LPS-induced NOS activity was decreased by the presence of iron in the medium, and increased by the incubation with iron chelator, desferroxamine \[[@b28-ijerph-04-00195]\]. Crocidolite asbestos fibers (27% iron by weight) inhibit NO synthesis in murine macrophages \[[@b29-ijerph-04-00195]\]. Our own data are consistent with those observations. The low iron fibers **19** were much more potent inducers of NOS in J744 cells than high iron fibers **27**. NO^•^ adds to the complexity of the reactive substances generated by the fibers because of ancillary reactions such as NO^•^ plus O~2~^•−^ which generates peroxynitrite, a precursor of nitrogen dioxide (^•^NO~2~). Both these substances are potent inducers of protein (tyrosine, thiols) and lipid nitration \[[@b30-ijerph-04-00195]\].

Generation of the reactive radical species creates an environment of oxidative stress and stimulates the expression of a number of genes, products of which may be involved in mediating responses from the oxidative injury. Our results demonstrate that the fibers increased expression of Hsp70 protein levels in a concentration-dependent manner. The non-iron fibers of tremolite were much less active, suggesting that the iron and, possibly, also, the manganese content, in the fluoro-edenite fibers may be important in Hsp70 expression and could be mediated by the free radicals.

Fluoro-edenite in both high and low iron forms generated a stronger biological response than tremolite, as reflected by the higher increases of Hsp70, nitrite, and cytotoxicity. Heat shock proteins have been known to be induced by a wide variety of non-thermal conditions and pharmacological substances, conferring protection against non-thermal cytotoxic stimuli \[[@b2-ijerph-04-00195], [@b4-ijerph-04-00195], [@b31-ijerph-04-00195]\]. Previous studies have demonstrated that induction of a stress response protects cells against endotoxin-mediated apoptosis \[[@b32-ijerph-04-00195]\] and nitric oxide- \[[@b31-ijerph-04-00195]\] peroxynitrite- \[[@b33-ijerph-04-00195]\], and hydrogen peroxide-induced damage \[[@b34-ijerph-04-00195]\]. While new functions continue to be discovered, stress proteins are generally thought to maintain cellular homeostasis by acting as molecular chaperones, facilitating the proper folding and assembly of nascent polypeptides, as well as assisting in the refolding and stabilization of damaged peptides \[[@b35-ijerph-04-00195]\]. Hsp70 expression has been well described and is the most highly induced stress protein in both whole lung and in specific lung cell cultures from a variety of species, as well as in response to a variety of stress conditions \[[@b36-ijerph-04-00195]\]. More recent studies have reported that stress proteins, particularly Hsp 70, are highly immunogenic and have the capacity to mediate the induction of peptide-specific immunity \[[@b37-ijerph-04-00195]\]. Collectively, these observations suggest that stress proteins are likely candidates for endogenous signaling molecules in response to stress \[[@b37-ijerph-04-00195]\]. Finally, extracellular Hsp70 (increased serum levels) is evident in a variety of clinical scenarios associated with physiological stress \[[@b38-ijerph-04-00195]\].

We observed that increased expression of Hsp70 protein correlated with ROS/RNS levels in fluoro-edenite-treated cells containing high and low iron levels. Thus, it is possible to hypothesize that extracellular Hsp70 may serve a cytoprotective role at lower concentrations in response to exposure to mineral fibers in acute lung injury, but once a certain critical threshold is attained, it may potentiate the inflammatory response, subsequently resulting in significant autoinjury to the host \[[@b37-ijerph-04-00195]\].
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MTT

:   3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide test
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:   Reactive oxygen/nitrogen species
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:   Scanning electron microscopy-energy dispersive spectrometer
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###### 

Hsp70 levels in J774 (a) and Met-5A (b) cells evaluated by Western blot analysis. Bands were measured densitometrically and the relative density was calculated based on the density of α-tubulin bands in each sample. The values were expressed as arbitrary densitometric units (A.D.U.) obtained by analysis of the autoradiograms with lD image analysis software. The bars represent the mean ± SEM of three experiments performed in triplicate. All values with P\<0.01 were considered significantly different. \*°\^ denote significant differences of values compared to untreated control. Numbers **19** and **27** refer to two chemically distinct forms of fluoro-endenite.
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![Release of nitrite from J774 (a) and Met-5A (b) cells quantified by colorimetric assay in the culture media. The values, expressed as nM/10^6^ cells, are the mean ± SEM of three experiments performed in triplicate. All values with P\<0.01 were considered significantly different and labelled by these symbols \*°\^.](ijerph-04-00195f2){#f2-ijerph-04-00195}

![Detection of ROS formation in J774 (a) and Met-5A (b) cells measured by a fluorescence assay. The values, expressed as fluorescence intensity units (F.I.)/mg of proteins, are the mean ± SEM of three experiments performed in triplicate. All values with P\<0.01 were considered significantly different. \*°\^ denotes significant differences versus untreated control.](ijerph-04-00195f3){#f3-ijerph-04-00195}

![Detection of lactate dehydrogenase (LDH) release from J774 (a) and Met-5A (b) cells expressed as percentage of LDH released into the culture media with respect to total LDH. The values are the mean ± SEM of three experiments performed in triplicate. All values with P\<0.01 were considered significantly different. The symbols \*°\^ represent significantly different values versus untreated control.](ijerph-04-00195f4){#f4-ijerph-04-00195}

![Viability of J774 (a) and Met-5A (b) cells measured with the MTT assay following exposure to mineral fibers. The values of optical density measured at 550 nm are reported as percentage with respect to the optical density registered for untreated control, the latter considered as 100 % of cell viability. The values are the mean ± SEM of three experiments](ijerph-04-00195f5){#f5-ijerph-04-00195}
